The 1402 bp Eco RI repeating unit of bovine satellite I DNA (PcsCl °1 .715 gm/cm 3 ) has been cloned in pBR322. The sequence of this cloned repeat has been determined and is >97Z homologous to the sequence reported for another clone of satellite I (48) and for uncloned satellite I DNA (49). The internal sequence structure of the Eco RI repeat contains imperfect direct and inverted repeats of a variety of lengths and frequencies. The most outstanding repeat structures center on the hexanucleotide CTCGAG which, at a stringency of >80Z sequence homology, occurs at 26 locations within the RI repeat. Two of these 6 bp units are found within the 31 bp consensus sequence of a repeating structure which spans the entire length of the 1402 bp repeat (49). The 31 bp consensus sequence contains an internal dodecanucleotide repeat, as do the consensus sequences of the repeat units determined for 3 other bovine satellite DNAs (PcsCl " i-706 ' l-711a, 1.720 gm/cm 3 ). Based on this evidence, we present a model for the evolutionary relationship between satellite I and the other bovine satellites.
INTRODUCTION
Highly repeated, or satellite DNA comprises a significant fraction of most eukaryotic genomes. The function of satellite DNA remains unknown although its widespread occurrence in eukaryotes, coupled with its high concentration in centromerlc heterochromatin, has led to speculation on its role in several cellular functions (reviewed in [1] [2] [3] .
Satellite DNAs vary in their sequence complexity. There are simple satellites which consist of a sequence <20 bp in length tandemly repeated in a homogeneous array. Only those restriction enzymes whose recognition site is a subset of the simple sequence will cut such satellite DNAs [e.g., Alu I cuts hermit crab satellite II (4) and Mbo II cuts Drosophila melanogaster satellite IV (5) (6) ]. Based on the study of mouse satellite DNA, Southern proposed that a simple sequence could undergo rounds of multiplication and divergence and thereby give rise to higher order satellite periodicities one to several hundred bp in length (8, 9) . The recently completed sequence of mouse satellite DNA (10, 11) is in agreement with this scheme. Higher order periods in satellite DNA can be detected by digestion with restriction enzymes recognizing sequences other than the basic simple sequence [e.g., Eco RII cleaves mouse satellite into 240 bp repeats (12) ]. As higher order repeats become established,mutations can accumulate in sub-repeats so that in some satellites only the highest order remains recognizable. This is the case with the satellite DNAs of certain primates [e.g., African green monkey a DNA (13) ] where repeat units >100 bp are obvious and no evidence of a regular, internal sub-repeat can be found.
Multiple satellite DMAs found within an organism may be related to one another and can be used to study DNA sequence evolution. This was first demonstrated in Drosophila vlrilis where all three satellite DNAs can be derived from a hypothetical ancestral heptanucleotide by means of a single base change (14, 15) . Similarly, several Drosophila melanogaster satellites are related to each other (16) (17) (18) , as well as to the satellites of Drosophila virilis (19) . There are other cases where satellites are related between species. For example, a 172 bp sequence unit is shared among African green monkey (13) , humans (20) , Macaca radiata (21) and baboons (22).
The bovine genome contains eight major satellite DNAs (23) and restriction enzyme analysis has demonstrated that all of them contain higher order repeats several hundred to several thousand base pairs in length (24) (25) (26) (27) (28) (29) (30) were performed in Endo R buffer (6.6mM Tris, pH 7.9, 6 .6mM MgCl 2> 60mM NaCl). Sac I digests required Endo R without NaCl, Sal I utilized Endo R with high salt (.15M NaCl) and Hpa II digestion was optimal in Endo R, without NaCl, but with .6mM KC1.
a T'-ATP (specific activity 3000 Cl/mmol) for nick translation and 32 Y P-ATP (specific activity 3000 Ci/mmol) for kination (29, 30) were obtained from New England Nuclear. DNA polymerase was purchased from Miles Laboratories; T4 polynucleotide kinase was purchased from Bethesda Research Labs.
DNA SEQUENCING
The two labelled ends were separated by restriction cleavage, or by strand separation on neutral acrylamide gels after alkaline denaturation of the DNA. DNA was sequenced by the Maxam and Gilbert method (42, 43) using the five reactions and gel conditions specified previously (44).
Computer analysis of the completed satellite I sequence followed the program of Queen and Korn (45) .
RESULTS

ISOLATION AND CLONING THE ECO RI REPEAT UNIT OF SATELLITE I DNA
Satellite I DNA was isolated by three rounds of Ag -Cs,SO, centrifuga-3 t-t tion ( Fig. 1 ) and its P CsC1 ° 1.715 gm/cm was confirmed by analytical ultracentrifugation. Eco RI cleaves virtually all of satellite I into a single fragment 1400 bp in length (24) (Fig. 2b ) which corresponds to band E Fig. 1 : Densitometer scan of a Ag^-Cs 2 SO 4 /calf thymus DNA density gradient run in a Model E analytical ultracentrifuge for 20 hours at 42,000 rpm. Peaks represent areas of UV absorbance, i.e. areas containing DNA. The peaks are labelled with numerals corresponding to bovine satellites I-IV. Characterization of the peaks as containing either satellite I, II, III or IV was made after fractions from each peak were collected, purified by additional rounds of Ag + -Cs2SOĉ entrifugation, and re-run for density determination in CsCl.
of Eco RI digested bulk DNA (25) (Fig. 2a) . Band E from bulk DNA digestions was inserted in the Eco RI site of pBR322 and transformants were identified 32 by filter hybridization (40) using P-nick translated, gradient purified 1.715 gjn/cm DNA as a probe.
SEQUENCING THE ECO RI REPEAT UNIT OF SATELLITE I DNA
The sequencing protocol is shown in Fig. 3 . Some restriction sites had been mapped previously (25-27) and the remainder were mapped in the present study by double digestion or by the Smith and Birnstiel method of restriction site mapping (46). Our sequencing protocol allowed us to sequence both strands of the satellite I Eco RI repeat to 94Z completion. The other 6% of the sequence -a total of 177 bases -was sequenced only on one strand, due to the unavailability of readily labelled ends or readily separable restriction fragments in those areas. The single stranded sequence in those areas, however, is unambiguous. A sample sequencing gel is presented in Fig. 4 .
The sequence of our cloned Eco RI repeat unit from bovine satellite I DNA is presented in Fig. 5 . Since satellite I comprises 5Z of the genome, (23) and the bovine c value is 3.2 X 10~1 2 gm DNA/haploid genome (47), we calculate that the 1402 base pair Eco RI repeat is represented 105,000 times. The G+C content of the cloned repeat is 60Z, which is in agreement with the value of 58.6% calculated by Filipski ^t al. (36) using bulk satellite I DNA. The G+C content of total bovine DNA is estimated to be 44Z (36), making satellite I a very GC rich component of the bovine genome.
To determine if the sequence of our cloned repeat is representative of TGGCTCTCCG  660  670  680  690  700  AAGCCAGGCA AACTGGACCT GGCAGGGGCC TCTCCCCACT CCACTCGCTT  710  720  730  740  750  TCGTGCATTG CAAGAGCGCC TCATCTCCAC TTGAGGCACC AACCGCAGCC  760  770  780  790  800  TACCTCTGAT TTCAGACTCC GATCGCAGCG TCCCTGCACA CTGCGCACAC  810  820  830  840  850  GAGAGTCACC CCTCCTCTTC CGTTCAGGCA TCGAACTCCG  CTTCCCTCTC  860  870  880  890  900  CACATGTCCC CCCGCAGACA CCCCGCTTGT CCACCTCTCT TTCCAACCTC  910  920  930  940  950  GGGTTTTTTT CCGAACGATC CACCCAAAAA  CTCCCCCTTC CTCTTGACTT  960  970  980  900  1000  CATTCACAGG GTCCACTTCG GACACCTCTC CCCGCATCGC CTTCCTATCA  1010  1020  1030  1040  1050  AGAGCCCACC CCCAAATCCC CCTCCTACCG AATCTCCAAC CACCCACCAC  1060  1070  1080  1090  1100  CCCACCTCTC GAATCTCTTC CTGACACCCC CCTCATCCTG ACGTCCCACC  1110  1120  1130  1140  1150  CCAAGGTCGC CAACCCCTTC CACACAAAGC ACCCCAACTC CACCCTCCCC  1160  1170  1180  1190  1200  TCCACATCAG CACCCCAGAA ACCCCTCAGA CGACCCCCTT  GCCGCAAAAC  1210  1220  1230  1240  1250  CTCACTGTTC CTCTCCACCC ACACCCGCAT TTCCCCCAAC TTTCTCCCTC  1260  1270  1280  1290  1300  CCATCAAGGC TCCCAACTCC CCTTTCGACC TCCCAATTCC TAACCTCCCA  1310  1320  1330T  1340  1350  CTTCTCCTCA CCCCCTCTAG CCCCAAACCC CTCATCTTCC CATCACCCGC  1360  1370  1380  1390  1402 I divides the 31 bp repeat into dodecaand undecanucleotide sub-repeats.
sequence. This is suggestive that perhaps selective pressure has maintained sequence homogeneity within this region. In this regard, we have preliminary evidence situating a possible origin of DNA replication in this same region of satellite I -about 800 bp from the Eco RI site (50, 51).
DISCUSSION
The computer program of Queen and Korn (45) was used to search for subrepeats within the 1402 bp repeating unit of satellite I DNA. With parameters requiring no less than 75Z sequence homology in sequences no smaller than 6 bp, numerous direct and inverted repeat structures were found. The most outstanding is the sequence CTCGAG (recognized by the restriction enzyme Xho I), or a one base mismatch of this sequence, which is present at 26 locations within the repeat (see Fig. 5 ). This hexanucleotide sub-repeat comprises the core of several repeated elements noted by Gaillard, et^ al. (48) . Two of these 6 bp units are within the 31 bp consensus sequence -| ACTCGGGGTTCC)TCTCGAGTTGCJGGCAGGGA -of a repeated element found at 36 locations within the satellite I repeat. These 31 bp repeats were detected by Plucienniczak, et^ al^. (49) using a different computer program with an increased allowance for sequence mismatch. The sequence of any one of the 36 repeats is, on the average, 601 homologous to the 31 bp consensus sequence. The presence of these 31 bp units across the entire length of the 1402 bp repeat suggests that the present structure of bovine satellite I could have arisen in a manner similar to what Southern proposed for mouse satellite DNA (8, 9) -namely, that a -31 bp unit was tandemly multiplied with a fairly high degree of sequence divergence to generate the 1402 bp higher order unit of satellite I.
Are the various bovine satellite DNAs evolutionarily related to one another? Po'schl and Streeck (33) have demonstrated that the three bovine 3 3 satellites sequenced prior to this study -1.706 gm/cm (31), 1.711a gm/cm (32), 1.720 gm/cm (33) -show a similarity in sequence and in sequence structure. All three possess related 23 bp repeating units which are composed of 2 related sub-repeats -a dodecanucleotide and a undecanucleotide. The 31 bp consensus repeat of bovine satellite I also contains a 23-mer which can be broken down into related 12 and 11 bp sequences (49) [note-boxes in the consensus sequence above]. Figure 6 presents a hypothetical scheme for the evolution of these four bovine satellite 23-mers. Sequences are aligned to retain their similar dodecanucleotide structures. A consensus dodecanucleotide -A GATCAGGCAGCT -can be written for the 23-mera of satellites 1.706, 1.711a 
1.711B
. 6: Hypothetical scheme for the evolution of bovine satellite DNAs. and 1.720, which are grouped in Fig. 6 as family A. A different consensus A dodecanucleotide -TCTCGGGGTTCC -gives rise to family B, which includes the 1.715 gm/cm satellite. At least one other satellite is a member of family B -namely, the 1.711b gm/cm satellite, which arose by a -1200 bp insertion into a 1.715 gm/cm 3 Eco RI repeat (32, 52, 53) . [The structure of this satellite will be discussed in a future communication.] The consensus dodecanucleotides of families A and B could have a common origin in a hypothetical ancestral dodecanucleotide which itself could have arisen from an even simpler sequence.
The arrangement of the simple sequence structures of the 1.706, 1.711a, 1.720, and 1.715 gm/cm satellite DNAs presented in Fig. 6 leads to the conclusion that these satellites share a common evolutionary origin. It will be interesting to see how the other bovine satellite DNAs fit into our proposed evolutionary scheme. 
